formulas based on autocovariance models (33) valid for general (34) and red-noise (35) processes yielded 18 and 37 degrees of freedom, respectively. All of these estimates are high enough to yield strongly significant results. 37 Warming of the Southern Ocean Since the 1950s
Sarah T. Gille
Autonomous Lagrangian Circulation Explorer floats recorded temperatures in depths between 700 and 1100 meters in the Southern Ocean throughout the 1990s. These temperature records are systematically warmer than earlier hydrographic temperature measurements from the region, suggesting that middepth Southern Ocean temperatures have risen 0.17°C between the 1950s and the 1980s. This warming is faster than that of the global ocean and is concentrated within the Antarctic Circumpolar Current, where temperature rates of change are comparable to Southern Ocean atmospheric temperature increases.
The Southern Ocean plays a critical role in global climate. With no continental barriers, it serves as a conduit to transmit climatic signals between the Pacific, Atlantic, and Indian Oceans. The predominant current of the Southern Ocean, the fast-flowing Antarctic Circumpolar Current (ACC), is characterized by strongly tilting isopycnals. Because water mixes preferentially along constant density surfaces, tilting isopycnals bring mid-depth water into contact with the ocean surface and serve as a barrier to southward transport, possibly helping to isolate the Antarctic continent from mid-latitude climate variability (1) . Recent examinations of global ocean temperature changes have shown substantial warming in the upper 1000 m, averaging about 0.1°C between 1955 and 1995 (2). Southern Hemisphere ocean warming also averages about 0.1°C over the same time period, but detailed study of the Southern Ocean has been hampered by the limited number of shipboard observations available south of 30°S (3) (4) (5) . This study makes use of the large number of mid-depth temperature observations collected during the 1990s by Autonomous Lagrangian Circulation Explorer (ALACE) floats to characterize modernday temperatures in the Southern Ocean and compares these temperature measurements with historic shipboard measurements.
ALACE floats were deployed from research ships throughout the 1990s as part of the World Ocean Circulation Experiment (WOCE). The floats sink to a predetermined pressure and follow mid-depth ocean currents for a fixed time interval of 10 to 25 days. They then rise to the surface and relay their positions and the mean temperatures recorded at depth to the Argos communications satellite system (6) . (Newer floats also measure vertical temperature profiles as they rise to the surface; because only a fraction of the 1990s ALACE floats did this, no float profile data was included in this analysis.) A typical float provided about 50 cycles of data over 2.5 years for this study; many of the floats continue to gather data today. In the region of the world's ocean south of 30°S between 700 and 1100 m depth, 12,659 mean temperature observations were collected between 1990 and 2000 (7) . Because the floats drift with the ocean currents, the geographic distribution of data spans the entire Southern Ocean, as indicated in Fig. 1A . ALACE observations have been used to study global and regional ocean circulation in a variety of ways (8-10), but have not previously been used to study long-term climatic variability in the ocean.
Thermistors on ALACE floats are calibrated with an accuracy of 0.001°to 0.003°C, and the sensor calibration is expected to degrade by less than 0.001°C per year. Numerical truncation required to transmit temperatures via satellite (11) effectively adds noise but no bias to the data, and this noise is small compared with small-scale ocean variability. Salinities were not routinely measured by ALACE floats, so compensating changes in temperature and salinity cannot be examined using these observations. ALACE temperature observations were compared with temperature profiles collected from research ships since the 1930s. In that time period, techniques used by ships to collect ocean temperatures have evolved substantially. Before the 1970s, temperatures were derived from pressure-protected reversing thermometers, which were accurate to 0.02°C (12) . More recent observations are from electronic conductivity-temperaturedepth (CTD) and expendable bathythermograph (XBT) sensors, with accuracies of 0.001°C and 0.05°C (13), respectively. There are no known biases between different temperature measurement techniques. Shipboard temperatures were drawn from two separate data archives. The first, the Southern Ocean Database (SODB), includes approximately 17,724 profiles from reversing thermometer and CTD data collected between 1930 and 1990 and between 70°and 30°S (14) . The second, the World Ocean Database 1998 (WODB), gathers a total of 35,102 Southern Ocean temperature profiles from reversing thermometer, CTD, and XBT data that extend deeper than 700 m (15, 16) . Both data sets are archived at standard depths, approximately every 100 m in the depth range considered here (17) . The databases were merged, and duplicate stations that appeared in both were removed.
For this study, ALACE temperature observations were paired with geographically nearby temperature profiles. In total, 439,851 ALACE/temperature profile pairs were within 220 km of each other, and 112,103 were within 110 km. Figure 1B shows the distribution of stations used in this study as a function of decade. Temperature profile data were then linearly interpolated to match the depth of the ALACE observations. All pairs of float and hydrography point measurements Overall, for measurements within 220 km of each other in the region south of 35°S, ALACE temperatures were systematically 0.09°Ϯ 0.02°C warmer than pre-1990 temperature profile data (18) . Results computed using only SODB data or only WODB were not statistically different from results based on the composite data set, and only the composite data set results will be discussed here.
Because of high winds, high sea state, and lack of sunlight in the wintertime Southern Ocean, only 16% of shipboard observations south of 30°S and only 11% of shipboard observations south of 45°S were collected during the months of May, June, and July. In contrast, ALACE floats sample uniformly throughout the year, with 27% of observations from May through July. Because temperature biases could be caused by seasonal differences in the analysis period, the analysis was repeated using only observations obtained between October and March. Within error bars, long-term temperature variability was unchanged by this strategy and the remaining results reflect the full year-round observations. Figure 2 sorts mean temperature differences between hydrographic profiles and 1990s ALACE temperatures as a function of decade in the latitude range from 35°to 65°S. Within error bars, data from the 1990s do not differ from ALACE observations, indicating that there is no measurable temperature bias in the ALACE observations. No detectable warming occurred between the 1930s and the 1950s, and few observations were collected during the 1940s, resulting in large error bars and no clear temperature signal. Warming is most rapid in the 1950s and 1960s and levels off in the 1980s and 1990s, in agreement with Southern Hemisphere trends reported elsewhere (2). However, the 0.17°Ϯ 0.06°C warming seen in the 700 to 1100 m depth range of the Southern Ocean after 1950 is nearly double the global trend for the upper 1000 m of the ocean (2). This implies that the mid-depth Southern Ocean has heated more rapidly than the global ocean as a whole.
Averaging the temperature change per year for each pair of observations separated by less than 220 km produces a mean warming rate of 0.004°Ϯ 0.001°C/year between 35°and 65°S. (For the trend calculations in this paper, hydrography from 1930 to 1989 was used, and a minimum of 10 years was required between float and hydrographic measurements.) Most of this warming occurs Trends were computed from differences between hydrography and ALACE and then were bin-averaged on the basis of dynamic height. Thus, each point represents the mean anomaly for a 0.1 dynamic meter bin. Here, differences were computed from data points separated by less than 110 km in space. Dynamic heights of 1.2 m have an average latitude of 45.0°S; 1.0 m averages 52.5°S; 0.8 m averages 54.0°S (32). Fig. 3 . Temperature trends computed from ALACE/hydrography differences bin-averaged in 1°by 1°squares. For this analysis, ALACE/ hydrography pairs were used if the hydrographic measurements were collected after 1930, and they were separated from the ALACE observations by at least 10 years in time and by less than 220 km in space. Latitude and longitude grid lines are at 10°intervals. between 45°and 60°S, in the latitude range of the ACC. Figure 3 shows temperature trends as a function of position. Overall patterns indicate cooling in the northern part of the domain and warming south of about 45°S.
Flow in the Southern Ocean is not strictly eastward; it follows the meandering path of the ACC, which is furthest north in the Atlantic and furthest south in the eastern Pacific. Figure 2B shows temperature change as a function of dynamic height contour. Here, dynamic height at 900 m depth has been computed from gridded atlas data (19) referenced to 3500 m depth. The core of the Subantarctic Front, the fast-moving northern jet of the ACC, coincides with steep gradients in dynamic height, located near 1.1 to 1.2 m dynamic height. Measurable warming has occurred between the 0.8 and 1.3 m dynamic height contours, and the most rapid warming is within the Subantarctic Front. In the jet core, warming averages 0.008°Ϯ 0.002°C/ year. This mid-depth ocean warming is slightly smaller than the mean atmospheric trend in the region, but it matches the atmospheric changes within error bars: Between 1949 and 1996, atmospheric warming rates averaged 0.013°Ϯ 0.006°C/year at meteorological stations located on land in the Southern Ocean and 0.012°Ϯ 0.007°C/year for stations on the Antarctic continent (20, 21) . Ocean warming error bars are smaller than the error bars of the land-based observations because the ocean observations provide a larger number of statistically independent observations than the land stations.
Figures 2B and 3 both show that the northern part of the Southern Ocean (north of the 1.3 m dynamic height contour) has cooled slightly, though the trend is not as pronounced as the warming further south. This cooling might be explained by reduced downwelling associated with a long-term drop in wind stress curl seen in National Centers for Environmental Prediction reanalysis winds south of 30°S (22); however, because of the limitations in Southern Hemisphere observations, reanalysis winds are not adequate for evaluating long-term trends south of 45°S (23, 24) and could be questionable in the northern part of the Southern Ocean as well.
Because the warming found in this study is concentrated along the Subantarctic Front, it may be linked to Subantarctic Mode Water, which is ventilated annually and, therefore, responds rapidly to atmospheric changes (25) (26) (27) . ALACE observations are point measurements and do not include salinity; therefore, they cannot be used to distinguish warming associated with temperature increases on a constant density surface (due to heating of Mode Water, for example) from warming due to displacement of water masses (28, 29) . Separate analysis of WOCE hydrographic sections suggests that both processes have occurred. Compared with earlier gridded hydrographic data (14) , hydrographic lines show temperature changes that are consistent with a southward migration of the ACC over time of about 50 km in the Pacific (30) as well as the Atlantic and Indian Oceans (31) . Warming at 700 to 1100 m depth slightly exceeds what would be expected merely from southward migration of isopycnals, suggesting that temperatures on isopycnals have increased. Overall, this implies a net warming and reduction in the volume of cold circumpolar waters that separate the ACC from the Antarctic continent. Such changes could potentially influence the volume and stability of Antarctic sea ice.
These observational results clearly indicate that the subsurface Southern Ocean has warmed during the past 50 years. These changes may have broader implications as the water that is ventilated in the region around Antarctica spreads gradually around the globe. The reduced volume of cold water and the increased temperatures of the latter half of the 20th century are likely to manifest themselves throughout the world's oceans in the decades to come, and they may be used as markers to help identify rates of mid-depth and deep ocean circulation and of global ocean heat storage. In addition, because warm water can hold less dissolved gas than cold water, the observed warming indicates that the CO 2 storage capacity of the Southern Ocean has decreased since the 1950s, and this may also have implications for global climate.
